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A B S T R A C T
Three dimensional (3D) hedgehog-like Ge nanoelectrodes coated on patterned Si substrate are successfully
fabricated through the facile chemical vapor deposition (CVD) process. The 3D Si substrate with enlarged surface
area and the abundant Ge shell electrode configuration are together favorable to enhance the lithiation/de-
lithiation kinetics during cycling. Impressively, the optimized 3D Si@hedgehog-like Ge (Si@H-Ge) NRs com-
posites anodes embrace high reversible areal capacity and superior rate capability when employed as anode
material for 3D Si based lithium ion microbatteries (LIMBs).
1. Introduction
Lithium ion microbatteries (LIMBs) have been regards as one of the
promising micro energy storage system because of its size controllable,
mature technology and high energy density [1–4]. However, the elec-
trochemical performance of traditional two dimension (2D) thin film
LIMBs with limited surface area need to be greatly improved [5,6].
Most recently, it is found that the three dimensional (3D) Si based
LIMBs are the most favorable micro power supply unit, owing to the
merits of the employment of high theoretical capacity of Si (Li3.75Si-
3579 mAh g−1) substrate electrode, good compatibility with the Si
processing technology and the integratability with the micro/nanao
smart devices [7–10].
Tremendous efforts have been devoted to construct different 3D Si
based LIMBs such as the electrodes of TiO2 [11,12], tobacco mosaic
virus (TMV) [13], amorphous Si [14,15], Si@ZIF-8 [16], Si@SnO2 [17],
Si@Ge [18], and the all solid state LIMBs [19,20]. Among of them, by
fabricating 3D Si@Ge nanocomposites anodes would be largely favor-
able to improve the electrochemical properties of the 3D Si based LIMBs
due to the high reversible Li ions storage ability (Li3.75Ge-1384 mAh
g−1) and the superior electronic/ionic conductivity of germanium (Ge)
shell electrode [21,22]. More importantly, the large volume change of
the Si substrate can also be well alleviated due to the positive effect the
3D core-shell configurations. In this report, the abundant hedgehog-like
Ge nanoelectrodes anchored with 3D Si nanorod (NR) arrays are suc-
cessfully prepared via a facile chemical vapor deposition (CVD) process.
Compared with the only 3D Si NRs anode, the unique 3D Si@hedgehog-
like Ge (Si@H-Ge) NRs composites anodes greatly displays improved
electrochemical performance.
2. Experimental
2.1. Material synthesis
Firstly, the 3D Si nanorods (NRs) supporting structures were syn-
thesized through the inductive coupled plasma (ICP) Si dry etching
technology using the polystyrene nanosphere templates, which can be
followed from the previous work [23]. Eventually, the as-prepared Si
NRs in the size of 10mm×10mm were transferred into the home-
made chemical vapor deposition (CVD) chamber for 20min Ge elec-
trode growth. The temperature of the Ge deposition is set at 330 °C, and
the gas flow rate of GeH4 and H2 are 5 and 50 sccm respectively. The
mass loading of Ge on the 10×10mm2 Si substrate is around 0.5mg
according to the microbalance (Sartorius SE2, resolution 1 μg, Sar-
torius, Germany).
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2.2. Materials characterization
The 3D Si/H-Ge NRs composites anodes were characterized by
scanning electron microscopy (SEM, FEI Nova-450) with an energy-
dispersive X-ray spectrometer (EDS), Talos F200x high resolution
transmission electron microscopy (HRTEM), X-ray diffraction (XRD,
Bruker D8 Phaser X-Ray Diffractometer) and Raman spectroscopy
(Ocean Optics, 532 nm).
2.3. Electrochemical measurements
Before coin-cell assembly, the Cr/Au (20/200 nm) was deposited on
the back side of each sample by sputter technique as the current col-
lector. The resistance of the whole 3D Si/H-Ge NRs composites anodes
is around 0.01–0.02 Ω cm (Si wafer, P-type, Tianjin Meixin Electronics
Co., Ltd.). The as-fabricated 3D Si/H-Ge NRs composites anodes are
employed as the working electrode and the pure Li metal is used as the
counter&refernece-electrode. The electrolyte is the LiPF6 dissolved in
ethylene carbonate/ diethyl carbonate (EC)/(DEC) (1:1 by vol.%)-5%
fluoroethylene carbonate (FEC) and the Celgard 2400 is employed as
the separator. In this work, the area capacity (μ/mAh cm−2) is calcu-
lated according to the total capacity (mA h) divided by the projected
surface area (10mm×10mm=1 cm2). The cyclic voltammetry (CV)
and cyclability were characterized from CHI660D electrochemical
workstation (Chenhua, Shanghai) and battery program-control test
system (LANHE, Wuhan), respectively.
3. Results and discussion
Fig. 1(a and b) shows the as-prepared 3D patterned Si substrate
electrode and the diameter/height is about 700/1000 nm. The periodic
Si NRs were obtained by nanosphere lithography (NSL) technique
which can be followed from the previous work [23]. The SEM images
(Fig. 1(c and d)) and the EDS pattern (Fig. 1(e)) obviously show that the
hedgehog-like Ge nanoelectrodes are successfully and homogeneously
deposited on the 3D Si NR arrays surface and the diameter of the se-
parate Ge nanowire is around 100 nm. Fig. 1(f) further demonstrates
that the Ge anodes can be well grown on the side-wall of the as-pre-
pared Si NR arrays. The obtained hedgehog-like Ge structure at around
330 ˚C is expected to be superior in cycle performance than the dense
film by effectively relaxing the stress caused by the volume expansion
[24]. From the Raman spectra shown in Fig. 1(g), the two separate
peaks at 280 and 520 cm−1 are ascribed to the materials of Ge and Si,
respectively [23]. As displayed in Fig. 1(h), the XRD pattern indicates
the clustered Ge nanoelectrodes coated on the single-crystal Si surface
are with polycrystalline property, and the clear diffraction peaks at
27.3°, 45.3° and 53.6° are attributed to (1 1 1), (2 2 0) and (3 1 1)
planes, respectively [25].
The TEM image (Fig. 2(a)) and the corresponding EDS pattern
(Fig. 2(b)) apparently confirm that this single nanowire comes from the
hedgehog-like Ge anodes surface. The Cu element in the EDS pattern is
ascribed to the Cu foil holder during the TEM characterization process.
The select area electron diffraction (SAED) pattern of the above whole
Ge nanowire presents bright rings, which reveals that the Ge shell
electrode is with polycrystalline property shown in Fig. 2(c), which is
consistent with the above XRD result shown in Fig. 1(f). Additionally,
the high-resolution TEM (HRTEM) image (Fig. 2(d)) further displays
the detailed structure of the Ge nanoelectrodes which is derived from
the marked area (pink rectangle) shown in Fig. 2(a). The estimated
interlayer spacing of 0.32 nm, 0.20 and 0.17 nm are assigned to the
(1 1 1), (2 2 0) and (3 1 1) planes of Ge, respectively [25]. Thus, it is can
be concluded the polycrystalline Ge nanoelectrodes are well deposited
on the 3D Si NR arrays surface.
The electrochemical performance of 3D Si@H-Ge NRs composites
anodes were then evaluated in Li half-cell configuration. Fig. 3(a) re-
cords the cyclic voltammogram (CV) curves of the as-fabricated pro-
totype nanoelectrodes in the first five cycles at a scan rate of 0.5 mV s−1
within the voltage window from 0.01 to 2.0 V vs. Li/Li+. During the
cathodic scan process, a broad reduction peak located at around
0.01–0.25 V corresponds to the Li ions inserting into Si and Ge host
nanoelectrodes [26]. The peak at around 0.25 V is missing in the 2nd
cycle may be ascribed to the cease down of the irreversible reaction in
the first cycle [27]. During the opposite delithiation process, two main
oxidation peaks exist at about 0.3 and 0.6 V are attributed to the
dealloying reactions of LixSi and LixGe. Moreover, the current peaks of
each cycle gradually increase is mainly due to the Li ions gradually
inserting into the single crystalline Si and the polycrystalline Ge anode
materials and the position of the current peaks with a little shift be-
tween cycles can be ascribed to the amorphization effect [14].
Fig. 3(b) depicts the voltage profiles of 3D Si@H-Ge NRs composites
anodes in different cycles under the constant current density of
0.2 mA cm−2. Obviously, the voltage plateaus during the discharge/
charge process are well consistent with the above CV result shown in
Fig. 3(a). An initial discharge areal capacity of 1.1 mAh cm−2 with high
Coulombic efficiency (CE) of 86% is achieved and gradually increased
to 100% (CE) during the following cycles. In addition, as shown in
Fig. 3(c), it is also seen that the obtained areal capacity increases upon
cycles and then stabilized at above 1.5 mAh cm−2 after 200 cycles,
which is attributed to the activation effect during cyclings [28]. The
positive effect of the core-shell configurations induced by the Ge na-
nocoatings would promote more Li ions gradually inserting into the
abundant Si substrate [18]. However, the bare 3D Si NRs anodes only
deliver about less than 0.1 mAh cm−2 after 40 cycles under the lower
current density of 50 μA cm−2. In previous work, the 3D Si@SnO2
nanocomposites anodes delivered enhanced electrochemical perfor-
mance than the 2D Si@SnO2 nanocomposites due to the enlarged
Fig. 1. SEM images of (a) planar-view and (b) section-view of the only Si NR arrays. (c and d) SEM images of planar-view of Si@H-Ge NRs composites anodes and the
(e) corresponding EDS pattern. (f) SEM image of section-view, (g) Raman spectra and (h) XRD pattern of Si@H-Ge NRs composites anodes, respectively.
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Fig. 2. (a) TEM image of a single Ge nanowire and corresponding (b) EDS and (c) SAED patterns. (d) HR-TEM image taken from the area marked by pink rectangle in
(a). (e) Dark-field TEM image and corresponding element mapping of (f) Ge.
Fig. 3. (a) cyclic voltammetry curves of 3D Si/H-Ge NRs composites anodes at a scanning rate of 0.5mV s−1. (b) Voltage profiles of 3D Si/H-Ge NRs composites
anodes between 0.01 and 1.5 V vs. Li/Li+ under the current density of 0.2mA cm−2. (c) Cycle performance of the 3D Si/H-Ge NRs composites and 3D Si NRs anodes.
(d) The rate capability of the 3D Si/H-Ge NRs composites anodes. (e and f) SEM images of the 3D Si/H-Ge NRs composites anodes after 200 cycles and the (g) EDS
pattern for the inset.
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surface area and the reduced Li ion diffusion length [17]. Thus, it is
forecasted that the 3D Si@H-Ge nanocomposites anodes should display
superior electrochemical properties than the 2D Si@Ge nanocomposites
anodes under the under the same Ge content [17,27]. Furthermore, in
this work, the discharge cut-off voltage is set to 0.13 V vs. Li/Li+ and
the well-known metastable Li15Si4 phase would be formed when the
cut-off voltage is set below ∼0.13 V vs. Li/Li+ [29]. The large volume
expansion of the Si would be alleviated by restricting more Li ions in-
serting into the 3D Si substrate electrode, thus the structure stability of
the whole electrode can be maintained. However, the Ge electrode
presents higher lithiation potential than the Si electrode and the Li15Ge4
alloy would be formed at the proposed potential of 0.13 V vs. Li/Li+,
which can further enhance the areal capacity in the whole 3D Si@H-Ge
NR composite anodes. Therefore, the positive effect of this unique
hedgehog-like Ge nanoelectrode configurations can greatly enhance the
Li ions storage ability which is also is superior to the previous reported
work [16–18].
Impressively, as displayed in Fig. 3(d), the optimized 3D Si@H-Ge
NRs composites anodes also demonstrate good rate capability. During
the first 25 cycles, the areal capacities of the 3D Si@H-Ge NRs com-
posites electrodes are 0.7, 0.5, 0.45, 0.43, and 0.4 mAh cm−2 under the
current densities of 0.4, 0.5, 0.6, 0.8, and 1.0mA cm−2, respectively.
When the current rate returns back to the initial value of 0.5 mA cm−2,
an electrochemical reversible areal capacity of about 0.3 mAh cm−2
can be still maintained till 1000 long cycles. The excellent cyclabiltiy
and rate performance are derived from efficient ion/electron pathways
modified by the abundant Ge network and the 3D Si substrate sup-
porting nanostructures. From Fig. 3(e–g), the cycled Si@H-Ge NR ar-
rays which are derived from Fig. 3(c) experience some volume expan-
sion but still maintaining its original array layout without severer
collapses, which is beneficial for the improved electrochemical per-
formance. Therefore, the as-prepared 3D Si@H-Ge NRs composites
anodes could enable favorable Li ions storage ability applied in the 3D
Si based LIMBs.
4. Conclusions
Polycrystalline hedgehog-like Ge nanoelectrodes are successfully
deposited on the 3D Si NR arrays via the facile one step CVD process.
The optimized 3D Si@H-Ge NRs composites anodes impressively em-
brace superior cycling stability and rate capability when applied in Li
ion microbatteries. Both the 3D nanostructures and the abundant Ge
shell nanocoatings are together favorable to improve the electron/ionic
kinetics during cyclings, thus result in enhanced electrochemical per-
formance. This strategy of the unique Ge configurations may open up a
new route to improve the electrochemical properties of the 3D Si based
Li ion microbatteries.
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